A B S T R A C T Arterial concentration and net exchange across the leg and splanchnic bed of 19 amino acids were determined in healthy, postabsorptive subjects in the resting state and after 10 and 40 min of exercise on a bicycle ergometer at work intensities of 400, 800, and 1200 kg-m/min. Arterio-portal venous differences were measured in five subjects undergoing elective cholecystectomy.
INTRODUCTION
The role of carbohydrate and lipid metabolism in the fuel economy of resting and exercising muscle has been extensively investigated in intact man (2, 3) . Although it has long been recognized that muscular work is also accompanied by peripheral release of ammonia (4, 5), little information is available regarding amino acid metabolism in exercise.
Our interest in examining amino acid metabolism in exercise was stimulated by recent studies demonstrating that alanine is released by resting forearm muscle to a greater extent than all other amino acids (6, 7) . Since alanine comprises only 5-7% of the amino acid residues in muscle protein (8) , peripheral synthesis of alanine by transamination of glucose-derived pyruvate has been
The present study was designed to test this hypothesis and to characterize further the pattern and regulation of peripheral and splanchnic amino acid exchange in intact man by examining amino acid metabolism during exercise, a situation in which glucose utilization (2) and peripheral ammonia formation are stimulated (4, 5) . The influence of mild, moderate, and severe exercise on the level of circulating amino acids and on the net balance of amino acids across the exercising leg and the splanchnic vascular bed has been investigated. In addition, the relation of arterial alanine concentration to pyruvate levels has been examined. Finally, since previous studies failed to exclude the possible contribution of extrahepatic amino acid extraction to net splanchnic amino acid uptake (9) , arterial-portal venous differences for individual amino acids were determined in five subjects undergoing elective cholecystectomy. Data on peripheral and splanchnic glucose, lactate, and pyruvate balance in the exercised subjects are reported separately (2) .
METHODS
Subjects. The subjects were 18 healthy, adult male volunteers. Three were students; all the others were employed by the Stockholm fire department. Data for age, height, and weight are given in Table I . One of the subjects (B. D.) was studied on two occasions at different work loads. None of the subjects participated in training programs or competitive athletics on a regular basis. All of the subjects were informed of the nature, purpose, and risks involved in the study before their participation.
Catheterization, exercise, and blood flow. The studies were performed in the morning after an overnight fast (10-14 hr) . Teflon catheters with an outer diameter of 1.2 mm were inserted percutaneously into a brachial artery, a femoral vein, and an antecubital vein. In 12 of the subjects (4 subjects at each exercise load) a Goodale-Lubin catheter (No. 7 or 8) was also inserted in an exposed antecubital vein and advanced to a main right hepatic vein under fluoroscopic control. The catheter tip was placed 3-4 cm from the wedge position, and its location was checked repeatedly by fluoroscopy before and after the exercise period. The catheters were kept patent by intermittent flushing with saline; in the case of the hepatic venous catheter flushing was done with 0.5% After introduction of the catheters, the subjects were studied at rest in the supine position, and during upright exercise on a bicycle ergometer (Elema Sch6nander, Stockholm, Sweden). They exercised for 40 min at work intensities of 400 ("mild" exercise), 800 ("moderate" exercise), or 1200 ("severe" exercise) kg-m/min (1 kg-m/min = 0.163 w). Blood samples for amino acid analysis were collected simultaneously from the brachial artery and the femoral and hepatic veins at rest and after 10 and 40 min of exercise.
Expired air was collected at the same time intervals for determination of oxygen uptake.
Hepatic blood flow Was measured at rest and during exercise by the continuous infusion technique (12) using indocyanine green dye (13) . The infusion was performed for 30 min with the subjects at rest in the supine position and then continued throughout the exercise period with the subjects in the upright position. Simultaneous arterial and hepatic venous samples for determination of dye concentration were collected 15 min after the dye infusion was initiated, and at 5-min intervals thereafter, both at rest and during exercise. At the heavier work loads several subjects displayed a rise in the arterial concentration of dye. For the calculation of blood flow in these subjects, the rate of rise for plasma dye content was subtracted from the rate of dye infusion. This correction factor did not exceed 0.04 mg/liter per min in any subject, indicating that significant hepatic storage is unlikely to have occurred (14) .
Total blood flow to both legs at rest and during exercise was estimated by the Fick method from the total oxygen consumption and oxygen uptake across the legs according to the formulas of Jorfeldt and Wahren (15) In these equations F represents total blood flow to both legs, the subscripts R and E refer to rest and exercise respectively, A-FVo, represents the arterio-femoral venous difference for oxygen, and V02 indicates the oxygen consumption. In the calculations it is assumed that 24% of the total oxygen consumption at rest and 72%o of the increase in oxygen uptake observed during exercise are distributed to the legs. The validity of these assumptions derives from studies of leg blood flow by the dye dilution technique in healthy subjects at rest and during leg exercise at work intensities identical with those employed in the present study (15) .
Portal vein study. Five patients (28-46 yr of age) were studied in the postabsorptive state (12-14 hr fast) at the time of elective cholecystectomy for uncomplicated cholelithiasis. A brachial artery catheter was inserted percutaneously before surgery. During the surgical procedure simultaneous blood samples were obtained from the arterial catheter and by direct needle puncture from the portal vein. General anesthesia with halothane was employed; no glucose was infused before obtaining the blood samples from amino acid analysis.
Chemical analyses. The methods employed for determination of individual plasma amino acids, and blood lactate and pyruvate have been described previously (16) . Blood samples for analysis of oxygen saturation and hemoglobin concentration were drawn into 10-ml siliconized glass syringes. The dead space in the syringes was filled with heparin (5000 IU/ml). Oxygen saturation was determined spectrophoto- metrically by modification of the method of Drabkin (17) . Hemoglobin concentration was measured by the cyanomethemoglobin technique (18) . Oxygen concentration was determined in expired air collected in Douglas bags by the Scholander microtechnique. The paired t test and calculation of the coefficient of correlation were employed in the statistical analyses (19) .
RESULTS
Anmino acid metabolism in the resting state. In the resting state, a negative arterio-femoral venous difference, indicating net substrate release by leg tissues was observed for 13 or 19 amino acids (Fig. 1) . Alanine release exceeded that of all other amino acids, accounting for 35-40% of the measured amino acid output. A small but significant positive A-V' difference was observed for citrulline, serine, cystine, and aaminobutyrate.
To evaluate the interaction between alanine and glucose metabolism, the relation between arterial alanine and arterial pyruvate concentration was examined. As shown in Fig. 2 , a significant direct linear correlation was observed (r = 0.606, P < 0.005). In contrast, no significant correlation with pyruvate was demonstrated for any of the other 18 amino acids (P > 0.1).
The exchange of amino acids across the splanchnic bed was studied in 12 subjects (Fig. 3 ). In agreement with previous observations (9, 16), a significant net 'Abbreviations used in this paper: A-FV, arterio-femoral venous; A-HV, arterio-hepatic venous; A-V, arterio-venous. 25%, while with more intense exercise, alanine levels increased 60-96%. In contrast, the concentration of all other amino acids was unchanged during light exercise, while increases of 8-35% were noted for isoleucine, leucine, methionine, tyrosine, and phenylalanine after 40 min of moderate and severe exercise. As in the resting state, arterial alanine concentration during exercise was directly proportional to the level of arterial pyruvate (Fig. 4) , which also rose in association with physical exertion (Fig. 5 ). In contrast, a distinct difference was noted between the response of arterial alanine and arterial lactate as the exercise was continued for 40 min. Whereas arterial lactate levels reached a peak within the first 5-10 min of initiation of exercise, after which a significant decline was observed, arterial alanine concentration continued to rise between 10 and 40 min of exercise (Fig.   5 ).
The influence of exercise on peripheral amino acid exchange is shown in Table IV . After 10 and 40 min of exercise at all work intensities significant negative arterio-femoral venous differences indicating consistent net release from the leg were observed only in the case of alanine. Although the A-FV differences for alanine were smaller than in the resting state, estimated alanine release from the legs, calculated from the A-FV differences and estimated leg plasma flow (Table I) , increased 55% during mild exercise, 90% during moderate exercise, and 500% during severe exercise (Fig.  6 ). For all other amino acids, the A-FV differences (Table IV) were either too small to be significant, or alternatively, small outputs were noted in isolated instances (methionine and serine, moderate exercise, 40 min; proline and threonine, severe exercise, 10 and 40 min, respectively).
In Table V the effect of exercise on estimated hepatic blood flow is shown. In accordance with previous observations (13) , hepatic blood flow fell 30% during mild exercise and 50-60% in association with the heavier work loads. Splanchnic exchange of plasma amino acids is shown in Table VI . At all work intensities, alanine uptake exceeded that of all other amino acids. The net rate of alanine uptake increased slightly above resting levels during mild and moderate exercise, and did not change significantly with severe exercise. The failure of alanine uptake to decline despite the diminution in hepatic blood flow during exercise, was not solely a consequence of the higher arterial levels, but was due in part to a significantly greater fractional extraction of alanine at the mild and moderate work FIGURE 6 Influence of 40 min of exercise at various work intensities on estimated alanine output from the legs. Alanine output was calculated as the product of the arterio-femoral venous difference for alanine (Table IV) and the estimated plasma flow to the* legs (Table I) . The lines at the top of the bars represent the standard error of the mean. P values indicate the significance of the change from resting state (paired t test). larly in exercise. Supporting this conclusion is the concentration in muscle protein is virtually identical observation that a significant proportion of muscle with that of lysine (8) . Thus the extent to which glycogen dissipation and glucose utilization in exercise alanine output exceeds that of lysine may reflect the cannot be accounted for by lactate formation or C02 proportion of alanine derived from glucose. On this production (24) . basis, 13 and 18% of glucose uptake by the leg and While the proportion of total glucose uptake by deep tissues of the forearm, respectively, may be acmuscle which may be accounted for by alanine produc-counted for by alanine production (Table VII) . The tion has not been determined directly, some estimates higher estimate in forearm is to be expected, since the may be made from the available data (Table VII) . deep vein of the forearm drains primarily muscle (7), Since lysine does not undergo reversible transamina-while the femoral vein includes drainage from subtion, its peripheral release provides an approximate cutaneous fat, in which significant alanine formation index of muscle proteolysis (25) . In addition, alanine and release would not be anticipated. As to the mechanism of the increase in alanine release during exercise, the marked augmentation in glucose uptake by the leg (2), and the elevation in arterial pyruvate levels, provide evidence of increased availability of pyruvate for transamination. An increase in muscle transaminase activity has also been observed in exercise.' With respect to the source of the amino groups necessary for alanine formation, it has been demonstrated that the branched-chain amino acids are preferentially catabolized in muscle rather than liver (26, 27 ). An additional source of amino groups, particularly during exercise, is likely to be aspartate. Increased formation of oxaloacetate from aspartate has been observed in association with augmented activity of the tricarboxylic acid cycle (28, 29) . In addition exercise results in a cyclic interconversion of purine nucleotides which is accompanied by conversion of aspartate to fumarate and liberation of ammonia (30) . Accordingly, the flow of amino groups and pyruvate in muscle tissue is likely to be augmented in exercise and to enhance thereby peripheral synthesis of alanine and its release into the general circulation.
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The functional significance ascribed to peripheral alanine formation with respect to overall body nitrogen metabolism is that it provides a nontoxic alternative to ammonia for the transport of amino groups from muscle to the liver (31) . The present demonstration of hyperalaninemia in exercise supports this hypothesis since it is well established that muscular work is associated with augmented peripheral ammonia release (4, 5) and generalized hyperammonemia (5) . The binding of amino groups by pyruvate to form alanine thus serves to limit the extent to which ammonia production and accumulation are stimulated by exercise. The importance of this carrier function of alanine in nitrogen ,Mole, P. A., K metabolism is further indicated by the specific elevation of plasma alanine in a variety of hyperammonemic situations in which ammonia disposal is retarded (32), particularly as a consequence of abnormalities involving urea cycle enzymes (33) (34) (35) . In addition, alanine serves as an intrahepatic ammonia-binding agent when urea synthesis ceases in the anoxic liver (36) . The possibility may also be entertained that alanine formation represents an alternative mechanism to lactate synthesis for regeneration of oxidized pyridine nucleotides. Since glutamate is formed in part by the reductive amination of a-ketoglutarate and may subsequently undergo transamination with pyruvate, each mole of alanine thus formed will be accompanied by the net conversion of 1 mole of NADH to NAD (36) . It is noteworthy in this respect that an increase in the plasma alanine: pyruvate (A: P) ratio has been observed in some patients with severe lactic acidosis (37) . However, such an increase was not observed in association with exercise in the current study (A: P ratio 3.3 ±0.1 at rest and 3.0 ±0.2 during exercise, mean +tSE, based on the data in Fig. 2 and 4) direction of their respective responses to prolonged exercise (Fig. 6) . The importance of alanine as a gluconeogenic substrate has been previously emphasized on the basis of arterio-hepatic venous differences in postabsorptive and fasting man (9) . However, net splanchnic balances determined by the hepatic venous catheter technique do not exclude the possibility of extrahepatic alanine uptake by tissues drained by the portal vein which lack the enzymatic capacity for gluconeogenesis. The current demonstration that portal vein alanine levels are slightly but consistently in excess of arterial concentrations indicates that in the postabsorptive state (a) net uptake of alanine is not taking place across the extrahepatic tissues of the splanchnic bed, and (b) net splanchnic alanine uptake slightly underestimates (rather than overestimates) net uptake of alanine by the liver.
The data on splanchnic amino acid exchange during exercise reveal that at all levels of work intensity the carbon skeleton of alanine not only serves as a glycolytic end product but also as an important endogenous precursor for hepatic glucose production. The current findings, based on simultaneous examination of peripheral and splanchnic amino acid exchange, thus provide strong support for the existence of a glucose-alanine cycle involving muscle and liver (Fig. 9) . By this formulation alanine is synthesized in muscle from glucose-derived pyruvate and released into the bloodstream.
Circulating alanine is subsequently taken up by the liver where its carbon skeleton is reconverted to glucose. Such a cycle has been previously inferred on the basis of forearm studies in intact man (6) and perfusion studies of rat liver (11) . Exercise influences this cyclic interconversion by increasing the rate of muscle alanine formation in excess of the rate of alanine uptake by the liver. As a consequence alanine accumulates in arterial blood (Fig. 9) .
Although a 15-20% increase in splanchnic alanine uptake was observed with the mild and moderate work loads, previous studies (38) have failed to demonstrate an elevation in urine nitrogen excretion which would be anticipated if gluconeogenesis were increasing in association with exercise. This seeming discrepancy is resolved by the fact that while alanine uptake is increasing, splanchnic extraction of other glycogenic amino acids (serine, threonine, tyrosine) is declining (Table VI) . Thus, net uptake ot total glycogenic substrate undergoes little change in exercise.
In addition to the elevation in arterial alanine concentration, increases of 8-35% were noted for isoleucine, leucine, methionine, tyrosine, and phenylalanine after 40 min of moderate and severe exercise. The interaction of peripheral and splanchnic exchange in effecting these alterations in arterial amino acid concentration is noteworthy. Although consistent outputs from the leg were not observed for any of these amino acids during exercise, a significant decline in the splanchnic uptake of tyrosine and phenylalanine was demonstrated at the heavier work loads. In addition, whereas isoleucine and leucine were neither con- (Table VI) . Thus in contrast to alanine, changes in the direction and magnitude of the net splanchnic balance of these specific amino acids were responsible for the elevations in their arterial concentration. It should be emphasized that accurate measurements of glutamine and glutamate were not possible by the column chromatographic technique employed in the current study (39) . Peripheral formation of glutamine and its uptake by the liver have recently been demonstrated in intact man (25) . An increase in arterial glutamine levels however has not been observed during exercise (40) . In addition, at maximal work loads no significant output of glutamine is demonstrable from the leg (41) . Thus while it is likely that in the resting condition, glutamine shares with alanine an important role in the transfer of ammonia from muscle to the liver, during exercise alanine formation would appear to be of greater importance.
